The 987-base-pair coding region of the tdc gene of Escherichia coli K-12 encoding biodegradative threonine dehydratase [Tdc; L-threonine hydro-lyase (deaminating), EC 4.2.1.16], previously cloned in this laboratory, was sequenced. The deduced polypeptide consists of 329 amino acid residues with a calculated Mr of 35,238. Although the purified enzyme was shown to contain tryptophan, no tryptophan codon was found in the tdc reading frame. Isolation and Sequencing of DNA Fragments. The construction of plasmids pEC61 and pTG122 harboring the tdc gene has been published (8) . The methods for isolation of DNA restriction fragments, cloning, and transformation of competent host strains and DNA sequencing by the dideoxy chain-terminating method of Sanger et al. (9) were as described (8). The nucleotide sequence was obtained from both strands and from overlapping regions of adjacent fragments.
enzyme. A heptapeptide, Thr-Gly-SesiPhe-Lys-Ile -Arg, was found to contain Lys-58, which binds pyridoxal phosphate coenzyme. A comparison of amino acid sequences between the Tdc polypeptide and the biosynthetic threonine dehydratases of yeast (encoded by ILVI) and E. coil (encoded by ilvA) and the E. coil D-serine dehydratase (DsdA, encoded by dsd4) revealed various extents of homology: five domains of the Tdc polypeptide were 63-93% homologous with the yeast enzyme, and three of these same regions were 80% homologous with the biosynthetic E. coli dehydratase; two different domains showed 67% and 83% homology with DsdA. In addition, two other sequences were highly conserved in all four proteins, one ofwhich was shown to contain the conserved lysine residue that binds pyridoxal phosphate in the Tdc and DsdA polypeptides. These observations suggest that, despite their diverse origin and metabolic significance, these enzymes may have evolved from a common ancestral protein.
Biodegradative (catabolic) threonine dehydratase [Tdc; Lthreonine hydro-lyase (deaminating), EC 4.2.1.16] of Escherichia coli, induced anaerobically in tryptone-yeast extract medium, catalyzes the pyridoxal phosphate-dependent dehydration of L-threonine and L-serine to ammonia and to a-ketobutyrate and pyruvate, respectively. The protein is composed of four identical subunits of approximately Mr 38,000 each; there are 4 mol of pyridoxal phosphate per tetramer, and the enzyme can bind 4 mol of AMP per mol of protein (1) (2) (3) (4) . Tdc is subject to allosteric activation by AMP (1, 2) , inhibition by a-keto acids (2, 5, 6) , and catabolite inactivation by several metabolites ofglycolysis and the citric acid cycle (3, 5, 7) . Despite extensive studies on the regulation of enzyme activity by various cellular metabolites, a detailed knowledge is lacking on the primary structure of Tdc and the nature of the active and regulatory sites on the enzyme molecule. Recently, a 2.77-kilobase fragment of E. coli DNA harboring the tdc gene encoding Tdc was cloned in this laboratory; subcloning, deletion analysis, and nucleotide sequence data of the 5' flanking region showed that tdc is the second gene in an anaerobic operon controlled by a promoter located about 1 kilobase upstream from the tdc coding region (8 Isolation and Sequencing of DNA Fragments. The construction of plasmids pEC61 and pTG122 harboring the tdc gene has been published (8) . The methods for isolation of DNA restriction fragments, cloning, and transformation of competent host strains and DNA sequencing by the dideoxy chain-terminating method of Sanger et al. (9) were as described (8) . The nucleotide sequence was obtained from both strands and from overlapping regions of adjacent fragments.
Enzyme Purification and Assay. Tdc was purified from E. coli strain KL227 harboring pEC61 by the published procedure (6). The enzyme activity was assayed spectrophotometrically at 310 nm (6) The heptapeptide corresponding to residues Thr-54 through Arg-60, containing Lys-58, which binds pyridoxal phosphate, is also underlined.
taining radioactivity were pooled, concentrated, and chromatographed on a C18 ,Bondapak HPLC column using a linear gradient of isopropanol in 0.5 M formic acid adjusted to pH 4 with pyridine. Three fractions containing most of the radioactivity representing a single peak were pooled, lyophilized, and rechromatographed with a linear gradient of acetonitrile in 0.1% trifluoroacetic acid. The purified peptide was 31  31  28  18  15  16  39  35  35  6  6  6  32  32  27  35  32  33  7  7  6  34  29  34  24  26  21  20  18  18  9  8  9  10  10  9  11  12  10  25  25  23  18  18  17  1  2  0  8  9  8  28  30  29 hydrolyzed for 60 min at 150°C in 6 M HCl, and the phenylthiohydantoin derivatives of the amino acids were quantitated by reverse-phase HPLC (4). Manual sequencing of peptide (11) phosphate buffer (pH 8.0), and aliquots were withdrawn at times specified to determine the amount of bound radioactivity by the dialysis method (6, 7).
RESULTS AND DISCUSSION
Amino Acid Sequence of Tdc. As reported earlier (8), the nucleotide sequence of the 5' flanking region of the tdc gene (nucleotides 1-1221) revealed a functional promoter, P1, located about 1000 base pairs upstream of tdc, and a 936-base-pair open reading frame expressing a Mr 32,000 polypeptide between P1 and tdc. The translation start site of Tdc at the ATG codon at nucleotides 1197-1199 was aligned from the known amino acid sequence of the first 25 residues at the N terminus of the protein (4, 8) . Fig. 1 displays the nucleotide sequence of the 987-base-pair coding region (nucleotides 1197-2186) of tdc and the deduced amino acid sequence ofthe protein. The Tdc polypeptide consists of 329 amino acid residues corresponding to a Mr of 35,238, which is in good agreement with the approximate size of Mr 38,000 for subunits estimated from gel filtration in guanidine hydrochloride and from polyacrylamide gel electrophoresis in sodium dodecyl sulfate (1, 2, 4, 6) .
The amino acid composition of purified Tdc, determined in two different laboratories (2, 4) , also compares well with the amino acid sequence deduced from the nucleotide sequence of tdc (Table 1) , with the exception of tryptophan: no tryptophan codon was found in the tdc reading frame (cf. Fig.  1 (Fig. 3) . Amino acid analysis of the purified peptide revealed the following composition (mol per mol of peptide): Thro.gSero.0Gly1l0Ile0.9Phel.0Argl.0Xa,.*9,
where Xaa was identified as [3H]pyridoxyllysine by using an authentic standard (see Materials and Methods). From the deduced amino acid sequence of Tdc, the heptapeptide corresponded to residues Thr-54 through Arg-60 (underlined in Fig. 1) ; the same amino acid sequence was confirmed by subjecting the purified peptide to manual Edman degradation procedure (data not shown).
Sequence Homology with Other Dehydratases. Three separate genes, tdc, ilvA, and dsdA, located, respectively, at minutes 67, 83, and 50 on the E. coli chromosome (13, 14) , code for three separate proteins-namely, Tdc, biosynthetic L-threonine dehydratase, and DsdA, respectively. In Saccharomyces cerevisiae, ILVI codes for the biosynthetic L-threonine dehydratase (15) . Recent genetic analysis (16) also has revealed the presence of a catabolic threonine dehydratase in yeast. These enzymes catalyze the pyridoxal phosphate-dependent debydration of L or D isomers of the respective hydroxyamino acid substrates to yield ammonia and corresponding a-keto acids (1, 2) . In physiological terms, biosynthetic dehydratases are involved in isoleucine biosynthesis, whereas biodegradative or catabolic enzymes are implicated in threonine or serine catabolism (1, 2). Despite their diverse origin and metabolic significance, alignment of the deduced amino acid sequence of the Tdc polypeptide chain with those of the yeast biosynthetic dehydratase (ILVI gene product of 576 residues; ref. 17 ) and E. coli DsdA (442 residues; ref. 18 ) revealed a significant extent of homology in their primary structures (Fig. 4) . Overall, 37% and 27% of 329 amino acid residues of Tdc polypeptide are homologous to the yeast dehydratase and DsdA ofE. coli, respectively. Five domains of the Tdc polypeptide, 6-15 residues long and marked H1, H3, H5, H6, and H7, show 63-93% homology with the yeast enzyme; two different regions of shorter sequences designated H2 and H4 are 67-83% homologous with DsdA. Additionally, two other domains around Lys-58 and near Gly-184, designated C1 and C2, respectively, are highly conserved in all three proteins. Very little homology is found in either the N-terminal or the C-terminal ends of these proteins. A computer-aided comparison of the deduced amino acid sequence of the biosynthetic threonine dehydratase of E. coli, encoded by the ilvA gene, containing 514 amino acid residues (data kindly made available by H. E. Umbarger and R. Lawther, personal communications) with the sequence of Tdc revealed 36% overall homology; >80% homology was found within domains H1, H3, and H5 as well as C1 and C2 (data not shown). It is noteworthy that, whereas Q R T a n a NK 0 AMLaIDa vvMPKCAP 
Alignment of the deduced amino acid sequence of Tdc (encoded by tdc) with those of yeast biosynthetic threonine dehydratase (encoded by ILVI) and E. coli DsdA (encoded by dsdA). The numbers above the lines represent amino acid residues in Tdc polypeptide from the N-terminal end. The first and last residues, leucine and glutamic acid, respectively, shown in the ILVI-encoded polypeptide correspond to residues 52 and 381, respectively, of the deduced sequence (17) . The first and last residues, proline and glutamic acid, respectively, shown in the dsdA-encoded polypeptide correspond to residues 61 and 431, respectively, of the deduced sequence (18 Fig. 4 ), more extensive looping-out was required to maximize sequence homology between the E. coli DsdA and Tdc polypeptides.
The amino acid sequence in the conserved C1 domain appears to participate directly in the dehydration of substrates. The heptapeptide Thr-Gly-Ser-Phe-Lys-Ile-Arg from Tdc contains Lys-58 with bound pyridoxal phosphate needed for enzyme activity. A larger tryptic peptide, Asp-Ser-HisLeu-Pro-Ile-Ser-Gly-Ser-Ile-Lys-Ala-Arg, from DsdA also contains a conserved lysine at the same position (corresponding to Lys-58 ofTdc polypeptide) and has been shown to bind pyridoxal phosphate in Schiff base (18) . Although the activesite peptides of biosynthetic dehydratases from yeast and E. coli have not yet been isolated, it is most likely that the homologous sequence in the C1 domain with the conserved lysine residue may prove to be the site for binding pyridoxal phosphate coenzyme.
The functional significance of the highly conserved C2 region around Gly-184 in all four proteins remains to be deciphered. Because the only other structural element common to these enzymes is needed for binding of the hydroxyamino acid substrates, it is plausible that this homologous region, in conjunction with the pyridoxal phosphate-binding site, may form an "active-site pocket" for the dehydration reaction. Fig. 5 shows a schematic representation of the predicted secondary structure of Tdc according to Chou and Fasman (19) . The helical content of the enzyme is low (about 30%), and the content of random coil plus /3-sheet comprises about half of the molecule. Most of the sequences that are conserved between the yeast and E. coli enzymes are found to exist in the regions of predicted random coils and P-sheets, implying their potential role in directing protein folding and/or to maintain three-dimensional structural integrity needed for enzyme catalysis. A systematic replacement of amino acid residues in these critical domains might provide direct evidence for the structure-function relationships among the various dehydratases.
Note Added in Proof. After submission of this manuscript, a report (20) described a heptapeptide of Tdc, identical to that shown in Fig.  1 , which binds pyridoxal phosphate coenzyme.
